P skeleton. It is located at the junctional complex and tightens the interaction of actin and spectrin. It is also connected to glycophorin C and, at least in vitro, interacts with other transmembrane proteins.' Partial digestion has allowed dissection of protein 4.1 into four domains of 30, 16, 10, and 22/24 Kd.2 The complete sequence of erythrocyte protein 4.1 has been deduced from its cDNA.~ Protein 4.1 is encoded by a single gene mapping to lp33 + 1~3 4 . 2 .~,~ Its exon-intron organization is only partially known. Three exons encode most of the 10 Kd domain and the N-terminal region of the 22/24 Kd domain.6 They correspond to the following peptide segments: 407-427 (motif I; 21 amino acids), 428-486 (59 amino acids), and 487-529 (43 amino acids).
Protein 4.1 is present in most tissues under a variety of isoforms located beneath the plasma membrane or in other cellular areas7 To a large extent, tissue-specificity stems from alternative splicing that results in the insertion or the deletion of small coding sequences, often called motifs.*-'* For example, motif I is present in reticulocytes, but not in lymphoid cells (MOLT 4).'OJ1 In MEL cells, motif I is retained starting from a late stage of erythroid differentiation.I0 In a given cell type, one (or several) major mRNA 4.1 species may exist along with minor species. A minor reticulocyte spliceoform lacks a 34 amino acid motif, located immediately downstream of the 43 amino acid motif.*
The splicing pathways may be diverted by natural mutations. In this respect, a number of cases of hereditary elliptocytosis (HE) have been related to abnormalities of protein 4.1. The designation 4.1(-) HE refers to the absence (homozygous state) or the reduction (heterozygous state) of protein 4.1.l3-I6 This condition is heterogeneous on a molecular b a~i s .~J~-'~ In other families,.HE was related to shortened or elongated forms of protein 4.1.6,20-22 A particular variety of 4.1(-) HE exists in the canine, with both quantitative and qualitative changes of protein 4.1.23 The responsible mutations have not yet been defined at the gene level.
We have previously described in the red blood cell a shortened variant of protein 4.1 (-8. ous change was found at the gene level in and around the exon encoding this motif.
MATERIALS AND METHODS
The case report concerning family PA has been previously p r e~e n t e d .~~.~~ Briefly, the father (1.1) displays heterozygous 4 J -) HE in the heterozygous state. The mother (1.2), who is asymptomatic, carries a shortened variant (-8 Reverse transcription (RT) and polymerase chain reaction (PCR) were performed essentially as previously described.3l The 30 PCR cycles were as follows: 93"C/60 seconds, 60T130 seconds, 72"C/60 seconds, and 9 4 W 9 0 seconds, 55"C/45 seconds, 72"CJ90 seconds, for experiments in red blood cells and lymphoblastoid cells, respectively. The different oligonucleotides used as RT or PCR primers are listed in Table 1 and depicted in Fig 1. For further analyses, the PCR products were subcloned as EcoRI inserts in pBluescript 11 (Stratagene, La Jolla, CA) or Ml3mp 18 (Appligene, Strasbourg, France) vectors. Due to nonspecific cDNA amplification in reticulocytes, the positive clones were selected by dot blot hybridization with an internal miniprobe obtained by PCR (primers I/J). The miniprobe was 5'-labeled with [y3*P] adenosine triphosphate in the presence of a polynucleotide 5'-kinase. Northern blot analysis was performed on total RNA as previously described."
Genomic DNA was extracted from lymphoblastoid cells as described by Sambrook et al.33 PCR (primers E/F, designed according to unpublished results) was performed according to the procedure described above (30 cycles set as follows: denaturation, 94"C/60 seconds; annealing, 66"C/40 seconds, extension, 72"C/60 seconds). Amplified fragments were cloned into EcoRI-digested PUC 18 vector (Pharmacia, LKB Biotechnology, Uppsala, Sweden). Haplotype analysis was performed as recently described.Iy Combined restriction analysis (EcoRI,AvulI, and BumHI) was performed as regards motif I1 and the adjacent intronic sequences. (An Avull site exists in motif 11; another AvuII site is present 72 nt downstream.) Southern blots were performed using a PCR-made cDNA probe (primers C/D).
Sequencing experiments were performed on single-strand or double-strand DNAs by the dideoxynucleotide method, using the Sequenase kit (United States Biochemical, Cleveland, OH). Either the MI3 primers or specific internal primers (G and H, Table 1 ) were used for single-strand sequencing.
Alternatively, single-strand DNA was obtained by asymetric PCR34 using primer E in a 100-fold excess with regard to primer F. Direct sequencing was then performed using primer F.
Studies on genomic DNA.
DNA sequencing. normal. On the contrary, the 22/24 Kd domain was replaced by the shortened x/y doublet, indicating that the deletion is carried by this doublet. Under our experimental conditions, the apparent molecular weights of bands x and y were 16.2 and 15.8 Kd, respectively (whereas that of the normal 16 Kd domain was 17.2 Kd). These data, consistent with the peptide analysis using the V8 protease reported previously,'" strongly suggested that the 8.5 Kd deletion should occur in the N-tcrminal third of the 22/24 Kd domain, near the deamidation site responsible for the 4.la/b duplication. For
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Prevalent skipping of motifll in reticulocytes. RT-PCR of mRNA 4.1 (primers A/B) yielded fragments with the following determined sizes (bp): 730 (member Ll), 730 and 610 (member 1.2), and 610 (member 11.1) (Fig 3) . The 730-bp band corresponded, expectedly, to the normal fragment comprising motifs I and 11, as well as the 129 nt motif. We anticipated that the 610 bp fragment was the amplification product of a shortened region in mRNA 4.1 Presles. Incidently, no amplified DNA was observed in the 730-bp region in subject 11.1, a finding to be discussed below.
The 610-bp fragment (from member 11.1) was cloned in M13mp18. Five positive clones were sequenced and all were found to be devoid of motif I1 (102 nt) (Fig 4) . The lack of motif I1 (34 amino acids) was consistent with the deletion size estimated at the protein level (-8.5 Kd). The entire fragment of cDNA 4.1 (primers A/B) was sequenced in subject 11.1 and found to be normal (apart from the deletion).
The BstNI and DdeI endonucleases provided a rapid mean to probe the absence or the presence of motif I1 in cDNA 4.1 (Fig 5) .
Prevalent skipping of motif II in Iymphoblastoid cells. Lymphoblastoid cell mRNAs originating from family PA members were investigated. Comparable patterns were obtained through RT-PCR experiments (primers A/B), involving bands of 660 and 550 bp (calculated sizes) (Fig 3) . Sequencing showed that motif I was missing in both bands, hence their smaller size with regard to their reticulocyte counterparts. In addition, motif I1 was absent in the lower band. Finally, BstNI and DdeI restriction analysis provided a rapid means to determine the absence or presence of motif I1 (Table 2) .
In member 11.1, trace amounts of the 660 bp band were inconsistently visible (whereas we could not detect the homologous 730 bp band in the reticulocytes, see above). The presence of the 660 bp band was ascertained using nested PCR (primers A/B; no nested PCR was performed in reticulocytes). We may provisionally state that the trace amounts of the 660 bp band reflect either a minor spliceoform with motif I1 arising from allele 4.1 Presles or a near-to-baseline activity of the 4.1( -) allele.
Northern b1ots were performed in lpphoblastoid ce1k using pLym 5' and pLym 3' probes (Fig 6) . In all family shown) and to the RT-PCR data (see above), the 4.1 allele seems to produce no or very little mRNA.
Restriction fragment length polymorphism (RFLP) patterns were determined in family PA. The following diplotypes were found: (IV/I), (II/I), and (I/I) in members 1.1, 1.2, and 11.1, respectively (see Feddal et all9 for the haplotype nomenclature). Therefore, both 4.1( -) and 4.1 Presles a11e1es are carried bY a hap1otype I chromosome-The double heterozygous state for haplotypes I and IV in 1 . 1 suggests that the 4.1( -) allele comesponds neither to a deletion of the entire 4.1 locus, nor even to a major rearrangement. On the other hand, these findings suggest that motif I1 skipping in 4.1 Presles would probably be generated by a discrete splicing defect rather than a large genomic de,etion.
The genomic sequences flanking motif II have been
Restriction analysis and genomic DNA sequencing. members, as well as in a control, the 4.1 mRNA appeared as a major species of 6.7 kb. The 102 nt deletion could not be detected in members 1.2 and 11.1, presumably due to a lack obtained (unpublished data). The presence of in-frame
Of sensitiviv. The intensiv Of the 6'7 kb band was much lower in members 1.1 and 11.1-According to dot blot analysis standardized using a p-actin probe (data not stop codons in the sequences surrounding motif 11 (unpublished data), the 5, and 3, boundaries of this motif ( a g /~~ and AG/gt, respectively), indicate that this motif is encoded by a genuine exon, as previously assessed.* In all family members and in a control, the PCR product (primers E/F) had the expected size of 511 bp. Preliminary maps direct sequencing following asymetric PCR) showed no change as regards motif I1 and the introns over 80 bp 5' and 3' of motif 11.
PresIes escaped amplification (primers E/F) due to large deletion (extending outside primers E and F, eg, having For personal use only. on November 11, 2017. by guest www.bloodjournal.org From more than 511 nt). However, the normal RFLPs yielded by this allele pleads against such a large deletion. We consider that allele 4.1 Presles carries motif I1 and that the prevalent absence of this motif in protein 4.1 results from an enhanced skipping. No change likely to account for abnormal skipping was found in the intronic sequences extending 80 bp upstream and downstream exon 11. Elsewhere in the 4.1 gene, various restriction maps failed to find a large deletion (a few hundred nucleotides or more) that could have represented the responsible genomic change.
An altemative splice site 81 nt downstream of motif II. Following RT-PCR in lymphoblastoid cells (primers A/B), nested PCR (primers C/D) resulted in multiple DNA fragments. Sequencing and restriction analysis (data not shown) led to the conclusion that these fragments resulted from the combinatorial skipping of the 129 nt motif, of motif I1 and of an 81-nt coding sequence occurring 3' of motif 11. This indicates the presence of an alternative splice site, not described before, located 81 nt downstream of motif 11. The fact that the 81-nt sequence ends with an AG nucleotide suggests that it is encoded by an individual exon.
DISCUSSION
The shortened variant of protein 4.1 studied in this work has been initially described in the red blood ~e 1 1~~,~ and designated protein 4.1 Presles. 26 We show here that this variant lacks motif 11. Several lines of evidence supported the view that motif I1 is present at the gene level. Protein 4.1 Presles appears as the outcome of a change in the spliceoform distribution. It emerges from the increase of a usually minor spliceoform that lacks motif 11. Reciprocally, the 80-Kd protein 4.1, which is normally prevalent, disappears or sharply declines.
As regards the absence of motif 11, a comparable situation applies to lymphoblastoid cells. However, in these cells, protein 4.1 itself has not been studied. It is not known how abundant it is, in which cellular compartment(s) it predominates, and what is(are) the molecular weight(s) of its most represented spliceoform(s). It remains that lymphoblastoid cells do not depart from erythroid cells in some trans-factor that would cause the responsible mutation to be treated differently in both cell types.
It may be pointed out that the mutation responsible for protein 4.1 Presles leads to the skipping of a single exon. As such, it differs from the mutation that accounts for a 4.165 shortened variant6 (two exons skipped) or from that causing a particular 4.1(-) mRNA species that lacks a 2-kb segment19 (more than two exons skipped). The mutation responsible for protein 4.1 Presles does not result in an apparent reduction of the corresponding mRNA. As such, the situation departs from that found in a variety of canine HE, in which protein 4.1 is simultaneously shortened and reduced.23
In the red blood cells. Alternative splicing culminates in three areas of mRNA 4.1, namely the areas of the downstream initiation codon, of motif I and of motif 11. Minor spliceoforms arising from the skipping or the conservation of various coding sequences probably represent leaks devoid of biological significance. Nevertheless, such leaks in erythroid and lymphoblastoid cells may be symptomatic of splicing pathways that fully operate in other cell types. However, based on previous work,36 Western blot analysis failed to uncover tissues in which an isoform of protein 4.1, consistent with the absence of motif 11, would have been prevalently, if not exclusively, expressed.
The genomic mutation that is responsible for the preferential skipping of motif I1 in erythroid and lymphoblastoid cells was not found at the intron-exon boundaries of exon motif 11, nor in the branching region of the upstream intron. Possibly, alternative splicing is (also) regulated by more remote sequences. The mutation, which could be a deletion, would alter one such sequence. Further knowledge of the organization and the physical map of the 4.1 gene will be required to search for this mutation.
The present study collected further data concerning the 4.1(-) allele also present in family PA. This allele displays no major deletion or rearrangement, and apparently governs no or minimal mRNA synthesis. Such characteristics suggest that the present 4.1(-) allele is distinct from the 4.1( -) alleles described p r e v i~u s l y .~~'~-~~~~~ In this work, we have demonstrated that a shortened variant of protein 4.1 stems from the prevalent skipping of motif 11, a motif minimally removed in normal erythroid cells. The same absence of motif I1 was observed in lymphoblastoid cells.
